It is about half a century ago when the so-called "Wise model" to study alcohol drinking behavior in rats was established. The model was based on voluntary intermittent access to increasing concentrations of alcohol. We aimed to establish a model of alcohol craving and used an extinction test on withdrawal days 1 and 10 to study motivation for alcohol. For this purpose, the alcohol drinking training was paired with light cues to establish conditioning. The extinction test was carried out without alcohol but in the presence of light cues and empty bottles. The outcome measures were number of visits, nosepokes, and licks in the conditioned corner where the number of nosepokes represents how much mice "want" alcohol and number of licks shows how much mice "like" alcohol. The number of nosepokes during withdrawal is a measure of craving. Late withdrawal craving was found when intermittent alcohol access was carried out in the automated cages. In this case, we observed a significant increase in the number of nosepokes on both withdrawal days 1 and 10 as compared to water control. The number of nosepokes in the withdrawal days did not correlate with alcohol dose, but number of nosepokes on withdrawal day 1 correlated with the number of nosepokes on the last training day. Although we did not observe incubation of alcohol craving after withdrawal, the craving was increased at the late time point. We conclude that we have established a new tool to study alcohol drinking behavior and craving in female mice.
Introduction
Drug addiction is a complex brain disorder that progresses from impulsive to compulsive drug use resulting in chronic and relapsing drug taking [1] . The development of alcohol dependence can be divided into a five-stage cycle: intoxication (binge), compulsive drinking, withdrawal, craving, and relapse. Relapse to alcohol use can occur after a long withdrawal period in humans [2] . It has been suggested that craving has a major role in relapse [3] and it is one of the key elements in alcohol dependence [4] . Craving can be triggered by a drug-associated (conditioned) stimuli, in other words, it is cue-induced. Moreover, relapse can be induced with drug-associated cues by provoking craving [5] .
Animal models in alcohol addiction research provide the possibility to study mechanisms underlying disease progression [6] . Common animal models in alcohol dependence research were developed based on different procedures such as conditioned place preference, free-choice bottle and, the most widely used, operant self-administration [7] . The voluntary intermittent access to ethanol, originally established by Wise [8] and revised in work by Simms and colleagues [9] , has become a commonly used approach to model alcohol consumption in rodents [6] . In the intermittent-access model, there are episodes of continuous alcohol access and deprivation that alternate for short time periods. Notably, most of the existing models share common limitations. First, animals are single-housed, although such isolation can be stressful in social species [10, 11] . Second, animal handling has been reported to produce major variability between experiments [12] . Some groups have described models of alcohol drinking behavior in the automated home cage environment under different settings [13, 14] . One of the most important advantages of using automated cages is it allows monitoring of individual animals in a social context and without animal handling [15, 16] . The advantage is to measure goal-derived behavior in a conditioning paradigm where a nosepoke can lead to a light cue [16] . However, there are no studies published so far where alcohol craving has been measured in a social context in rodents.
Here, we set out to study whether the intermittent voluntary ethanol drinking can be adopted in automated cages in a social context, and whether this model can be used to study cue-associated alcohol craving in female C57BL/6JRccHsd mice. In our experiments, we have employed the model of voluntary intermittent access to gradually increasing the concentration of ethanol in two different ways.
Material and methods

Ethics statement
The animal experiments were performed according to the EU legislation harmonized with Finnish legislation and have been approved by the National Animal Experiment board of Finland (ESAVI/198/ 04.10.07/2014, ESAVI/7812/04.10.07/2015).
Experimental animals
The behavioral experiments were performed in female C57BL/ 6 JRccHsd mice (n = 65, Envigo). The mice arrived at the age of 8 weeks old and were housed under temperature-controlled conditions at 20-22°C in 12 h light/dark cycle with lights on at 06.00 am, 5-11 animals per cage (depends on the size of the cage) with ad libitum access to standard lab chow and water. The mice were individually recognized by RFID-transponders (Planet ID GmbH, Germany) that were implanted under the skin one week before experiments began. The animals were 10 weeks old, average 19 g of weight and grouped 8-11 mice per cage (standard home cage or IntelliCage) at the beginning of the experiments.
Automated home cage analysis
Behavior was analyzed using the IntelliCage system (TSE, Bad Homburg, Germany) [15, 17] . The apparatus allows performing tests without handling the mice under fully automated conditions in the home cage environment. All corners of the cages have an antenna that reads RFID signals. The cages were controlled by a computer with dedicated software (IntelliCage Plus), executing pre-programmed experimental schedules. The following behavioral parameters were recorded: number of visits to the corner, number of nosepokes to the door, and number of licks. The nosepoke measure represents how much mice "want" to get alcohol while the number of licks shows how much mice "like" alcohol. The schematic representation of the cages is shown in Fig. 1A and reviewed in [15] . Green light was used as a conditional stimulus (CS + side). The bottle with alcohol is placed in the CS + side for the alcohol group of mice (Fig. 1B) . Four triangular red shelters (Tecniplast, Buguggiate, Italy) were placed in the middle of the cages. They were used as sleeping quarters and as a stand to reach the food. The floor was covered with a layer of bedding.
Behavioral procedures
The intermittent schedules of ethanol access was adapted from R. A. Wise's studies [8] . The intermittent alcohol access procedures were done in two different settings. i) Intermittent alcohol access procedure in the automated cages (Procedure I): The experimental timeline is outlined in Fig. 1C . 31 mice total (10 for water group and 21 for intermittent alcohol group) were used in this experiment. The animals were combined in groups of 10 and 11 mice per cage for the intermittent alcohol group and 10 mice per cage for the water group. The mice were placed in the automated cages where they spent the first week for a habituation period that consisted of free adaptation phase (3 days, all doors in all corners were open, animals could enter and drink water in any corner) and nosepoke adaptation phase (4 days, all doors in all corners were closed, nosepoke opened the door for 7 s).
Thereafter, two corners were assigned for each animal. Half of the mice had access to corners I&II and another half to corners III & IV. During the training, two sides of the cage corner (one with alcohol and one with water) are available for mice and the side with alcohol is signaled by a green light (conditional stimulus, CS+). Nosepoke to this side opens the door for 7 s and switches on green LED light until the end of drinking. Nosepoke to another side of the corner opens door for water (CS−). On days when alcohol was replaced by water there was no conditional stimulus (green light) on the side. The mice were given free choice between ethanol solutions and water on every other day for 16 days of acclimation period. The bottles were switched every day between 10.00 am and 11.00 am. The mice were first given exposure to 4% (v/v) ethanol solution. On each following day of ethanol exposure the concentration of the solutions was raised by 1% until 12% ethanol solution was reached. After this point the mice began the training period of the experiment, where they had a choice between 12% ethanol and water every day for 14 days. The control water group (constitutive) had the same schedule for green light as the intermittent alcohol group except water bottles were in both sides (conditional and non-conditional) during the whole training period. ii) Intermittent alcohol access procedure in the standard home cage (Procedure II): The experimental timeline is outlined in Fig. 1D . 38 mice total (10 for water, 14 for control alcohol and 14 for intermittent alcohol) were used in this experiment. The mice were grouped in seven animals per cage for control alcohol and intermittent alcohol groups and ten animals per cage for water group throughout the experiment. The intermittent alcohol group of mice spent the acclimation period in standard home cages where they were given a free choice between ethanol solutions and water on every other day for 31 days of the acclimation period. The bottles were switched every day between 10.00 am, and 11.00 am. The mice were first given exposure to 4% (v/v) ethanol solution. On each day following ethanol exposure, the concentration of the solutions was raised by 1%, until 12% ethanol solution was reached. After this point, the intermittent alcohol group had a choice between 12% ethanol and water every day for the next 14 days. All mice had access to water at all times. The control alcohol group had just water during this period. After the acclimation period, all groups were placed in the automated cages. To make sure mice were able to access fluids, the mice spent two days of habituation period (1 day of free adaptation and 1 day of nosepoke adaptation). During these two days, only water was available in corners. After that, both control alcohol and intermittent alcohol groups had a training period for 10 days with similar settings described in Section 2.4.1. The control water group had the same schedule for green light as both alcohol groups except water bottles were in all sides (conditional CS+ and non-conditional CS−) at all times.
Alcohol withdrawal phase
After the training period, the mice were removed from the automated cages to their standard home cages. For the extinction tests, the mice were brought to the automated cages and after each test returned to the standard home cages.
Extinction tests in automated cages
Extinction tests were performed 1 and 10 days after the end of training between 10.00 am, and 11.00 am. During the probe trials (1 h) experimental design was similar to training except there was no liquid in the bottles.
Statistical analysis
The extracted data were analyzed using SPSS. The parametric repeated measures or two-or three-way ANOVA were used and statistically significant effects (P < 0.05) were followed by post hoc tests. As post hoc test we used Bonferroni test. All means are presented with their standard errors ( ± SEM).
Results
Intermittent access to alcohol in the automated cage
Initially, we assessed behavioral activity in mice that had intermittent access to gradually increasing concentrations of alcohol in the automated cages (procedure I, Fig. 1C ). As described above, each mouse received alcohol or water in two of the corners in the cages with CS + . We first analyzed the within-subjects effects and whether there are changes in the number of visits in the conditioned corner during the training. There was a significant day effect indicating that the number of visits was different during different training days ( Fig. 2 A, Day Effect F (20, 580) = 9.8, p < 0.001). Moreover, the within-subjects effects showed a tendency for Day × Training Drug interaction (F (20, 580) = 1.3, p = 0.15) also indicating that the number of visits differs during the training. The between-subjects analysis showed that there is no difference in the number of visits in the conditioned corner between alcohol and water groups (F (1, 29) = 2.35, p = 0.136).
We then analyzed the number of nosepokes in the CS+ and CS− sides of the conditioned corners. The within-subjects effects analysis showed a significant training day effect on the CS + side (Fig. 2B, F (20, 580) = 4.8, p < 0.001) indicating number of nosepokes changes during the training. There was no Day × Training Drug interaction (F (20, 580) = 1.1, p = 0.38). However, the between-subjects analysis revealed a significant Training Drug effect in the CS+ side of the corner (F (1, 29) = 6.9, p = 0.014), showing that the numbers of nosepokes were higher in the alcohol group than in the water group. Similar results were seen for number of nosepokes in the CS− side, and there was a significant training day effect in the within-subjects effects analysis (Fig. 2C, F (20, 580) = 14.3, p < 0.001). The between-subjects analysis showed no significant Training Drug effect (F (1, 29) = 3.0, p = 0.09) in the CSindicating that both alcohol and water groups perform similarly in the non-cued side.
Next, we analyzed the number of licks in the CS + and CS-sides of the conditioned corners. The within-subjects effects analysis showed a significant training day effect in the CS + side as well Day × Training Drug interaction ( In the CS+ side the number of licks is decreasing, and in the CS− side it is increasing during the training. Next, we analyzed the visit duration in the conditioned corners. We found that the alcohol group spent more time during training in the corner with the light cue associated with alcohol drinking than the water group ( We then estimated consumed alcohol dose. It has been estimated that a single lick on a bottle corresponds to the consumption of 3 μl of liquid [14] . Thus, multiplying the number of performed licks with 3 μl, we calculated the total volume of consumed liquid. The calculation of consumed ethanol volume was performed by the formula: Ethanol, ml = Total volume of consumed liquid, ml*Ethanol %/100%. The weight of consumed ethanol we calculated by the formula: Ethanol, g = Ethanol, ml*0.79 g/ml, where 0.79 g/ml is ethanol density. The alcohol dose was determined by the formula: Alcohol dose g/ kg = Ethanol, g / Animal weight, kg. The weight of animals was taken every week. Thus, we have found that ethanol dose started from 5.2 ± 0.3 g/kg and peaked at 17.1 ± 2.0 g/kg on the first day that 12% alcohol was given (Fig. 3B) . After that when 12% alcohol was given continuously the consumed amount decreased to 9.7 ± 1.3 g/kg.
Extinction tests after intermittent access to alcohol
After training, the mice were brought back to their standard home cages and the cue-induced extinction tests were carried out on days 1 and 10 after withdrawal in the automated cages for 1 h. We first analyzed the number of visits in the conditioned corners. The within-subjects effect analysis showed that there was a significant Day effect (Fig. 4A, F (1,28) = 4.7, p = 0.03) and the between-subjects effects analysis showed a significant Training drug effect (F (1,28) = 4.5, p = 0.043). However, the post-hoc comparisons did not show any differences between training drugs or between days of each training drug.
We then analyzed the number of nosepokes (a measure of craving after withdrawal) in CS+ and CS− sides on withdrawal days 1 (WD1) and 10 (WD10). The within-subjects effects showed significant day effects (F (1,56) = 11.5, p = 0.001) and the between-subjects effects showed a significant Training Drug effect (F (1,56) = 11.2, p = 0.001), indicating that the number of nosepokes in the alcohol group is higher compared to the water group. No significant effects were found in the Day effect × Training Drug effect interaction (F (1, 56) = 0.07, p = 0.79) or Day effect × CS-side effect F (1,56) = 0.46, p = 0.5). Three-way The post hoc comparisons showed no significant differences between water and alcohol groups on withdrawal days 1 and 10 in the CS+ side, but there was a highly significant decrease in the number of licks from day 1 to day 10 in both groups (P < 0.001, Bonferroni test). Similar differences were found in the CS− side. Fig. 4 . Behavioral activity during extinction tests after intermittent alcohol access in the automated cage. A. Number of visits to conditioned corner on withdrawal day 1 (WD1) and 10 (WD10). B. Number of nosepokes to conditional sides CS+ and CS− of conditioned corner on WD1 and WD10. C. Number of licks to conditional sides CS+ and CS− of conditioned corner on WD1 and WD10. D. Visit duration in conditioned corner on WD1 and WD10. All means are presented with their standard errors ( ± SEM). Additionally, the within-subjects effects for time spent in conditioned corners revealed a significant Day effect (Fig. 4D, F (1,29) = 15.7, p < 0.001) showing that during extinction, time spent in the conditioned corner decreases. The between-subjects effects revealed a significant Training Drug effect (F (1,29) = 12.2, p = 0.002) showing that the alcohol group spent more time in the conditioned corner than the water group. Furthermore, Bonferroni post hoc test showed a significant difference on withdrawal day 1 (p = 0.037), but not on day 10 (p = 0.212) between water and alcohol groups.
Intermittent alcohol access procedure in the standard home cage
Next, we wanted to study whether we can observe similar alcohol drinking behavior and craving with shorter cue-associated access to alcohol. We performed the same procedure with intermittent access to increasing concentrations of alcohol in standard home cages followed by training in the automated cages for 10 days (Fig. 1D) . During the training in the automated cages, there was 12% alcohol available every day. We also had a group of mice that went directly for training in the automated cages without acclimation period with intermittent access to increasing concentrations of alcohol. The experimental timeline is presented in Fig. 1D , and details are described in the Material and Methods section.
We first analyzed the number of visits in the conditioned corner during training for within-subjects effects. There was a significant day effect showing that the number of visits was different during training ( The analysis for the number of nosepokes in the CS+ side showed a significant effect in the within-subjects for the Day effect (Fig. 5B , Day effect F (9,315) = 3.1, p = 0.001), and for Day × Training Drug interaction (F (18, 315) = 3.6, p < 0.001). The between-subjects analysis did not show a significant effect on the Training Drug in the CS+ side of the corner (F (2, 35) = 2.8, p = 0.07). These results indicate that there are differences in the number of nosepokes between training days, but between different groups there are no differences. The analysis of nosepokes in the CS-side showed a significant Day effect and Day × Training drug interaction (Fig. 5C, F (9, 315) = 19.6, p < 0.001; F (18, 315) = 2.3, p = 0.002, respectfully). Also, the between-subjects analysis showed a significant Training Drug effect (F (2, 35) = 9.8, p < 0.001). These results indicate that both alcohol groups perform more nosepokes in the CS-side to receive water than the water group.
The analysis for the number of licks in the CS+ side showed a significant effect in the within-subjects for the Day effect (Fig. 5D,F These results indicate that there is a difference in the number of licks between days, and even when the training drug is taken into account, there is no overall effect between groups. The analysis of licks in the CS-side showed a significant Day effect and Day × Training drug interaction (Fig. 5E, F (9, 315) = 10.6, p < 0.001; F (18, 315) = 1.8, p = 0.03, respectively). The between-subjects analysis showed a significant Training Drug effect (F (2, 35) = 19.9, p < 0.001). These results indicate that both alcohol groups perform more licks in the CS-side to receive water than the water group, and are in line with the nosepoke data.
We then compared the alcohol intake between the two groups. In both groups, the ethanol dose increased during the 10-day period (Fig. 6 ). In the intermittent access to alcohol (procedure II) group, ethanol dose started from 3.0 and ended at 7.2 g/kg, and the alcohol control group started from 2.3 and ended at 4.6 g/kg. The statistical analysis showed a significant Day effect (F (9, 225) = 5.6, p = 0.002) but no Day × Training drug effect (F (9, 225) = 0.9, p = 0.27) in the withinsubjects analysis. The between-subject effects also showed no Training drug effects (F (1, 25) = 0.7, p = 0.40).
Extinction tests after 10-d training in the automated cage with procedure II
Similarly as above, the mice were brought back to their standard home cages after training and cue-induced extinction tests were carried out on day 1 and 10 after withdrawal in the automated cages for 1 h. The within-subjects effect analysis for visits showed that there was a significant Day effect (Fig. 7A, F (1, 35) = 67.8, p < 0.001) but no Day × Training Drug interaction (F (2, 35) = 1.6, p = 0.22. The between-subjects effects analysis did not show a significant Training drug effect (F (2, 35) = 1.3, p = 0.28).
We then analyzed the number of nosepokes (craving measure) in CS + and CS-sides on withdrawal days 1 and 10. The within-subjects effects showed a significant day effect (F (1, 69) = 2.6, p = 0.11) and Day × Training Drug interaction (F (2, 69) = 3.7, p = 0.03) and no Day × Training Drug × CS interaction (F (2, 69) = 0.08, p = 0.93). Three-way ANOVA Day × Training Drug interaction × CS interaction was not significant (F (2, 69) = 0.08, p = 0.96). The between-subjects effects showed a significant Training Drug effect (F (2, 69) = 4.7, p = 0.012), indicating that the number of nosepokes between groups is different. However, post hoc comparisons did not show any significant differences between groups on days 1 and 10 in either CS+ or CS− sides.
The within-subjects effects for the CS+ and CS− licks showed a significant Day effect (F ( Additionally, we found a significant day effect on time spent in the conditioned corner, but all groups had decreased time spent on withdrawal day 10 (Day effect: F (1, 35) = 82, p < 0.001; Day × Training drug interaction p = 0.3). However, there was a significant betweensubjects effect, in the conditioned corner on day 1 (F (1, 35) = 3.4, p < 0.05), but post hoc comparison did not show any differences. 
Pearson correlation coefficient
We next examined whether the number of nosepokes in the extinction tests after intermittent access to alcohol in the automated cages correlates with the number of nosepokes on the last day of training or to the amount of alcohol used. The Pearson correlation coefficient was analyzed for the number of nosepokes on WD1 and WD10. The alcohol dose (g/kg/24 h) on the last day of training did not correlate with the number of nosepokes on WD1 (Fig. 8 A, 
Discussion
Over decades, researchers in the addiction field have developed a number of animal models to gain neurobiological insights into the development of addiction. Many determinants that can affect experimental outcomes have to be considered, one of which is social exclusion [18] . Thus, most models that have been used are set for single-housed animals. In case of rodents, such isolation is a stressful factor, and stress can lead to increased alcohol consumption [19] . Another limitation that the single-housed animal model can face is handling by the researcher that produces experimental variations [12, 20] . A recent study has shown that single-housed mice consume more alcohol in comparison with group-housed animals [21] . However, in this study mice were given 20% ethanol without preliminary alcohol habituation. In contrast, Smutek and colleagues provided evidence that group-housed mice in an automated cage under intermittent access to alcohol are motivated to drink alcohol despite the risk of punishment [14] .
In the present study, we aimed to determine whether housing mice in a social context in the automated cages with increasing alcohol concentrations led to increased craving after withdrawal. We found that when the long-term conditioning is implemented there is increased craving (number of nosepokes) only on withdrawal day 10. However, when the mice adapted to alcohol drinking first in the home cages with intermittently increasing concentrations followed by housing in automated cages with conditioning, this did not lead to similar craving on withdrawal day 10. Moreover, we observed that nosepokes in the withdrawal days did not correlate with the alcohol dose the mice drank. Our results suggest that cue induction is not related to the amount of alcohol being consumed but rather related to the number of conditioned cues together with the alcohol drinking. This is further supported by the findings from procedure II, where we foud that mice had similar behavior in training and withdrawal phase despite whether they had experienced alcohol drinking before placing them into automated cages or not.
Our work was inspired by studies on incubation of craving after withdrawal [3] . In animal drug abuse studies it has been shown that cue-induced craving after withdrawal increases over time, and for cocaine, craving is high for extended periods of time [22] . A similar phenomenon has been observed for heroin [23] , methamphetamine [24] , nicotine [25] , sucrose [26] and for alcohol [27] . In this study, we did not observe incubation of craving for alcohol. However, we found an increased cue-induced number of nosepokes (craving measure) at the later time point. Interestingly, the number of nosepokes on withdrawal day 1 correlated with the number of nosepokes on the last training day, but the number of nosepokes on withdrawal day 10 did not correlate with the number of nosepokes on the last training day. Indeed, the extinction behavior was at a similar level on withdrawal days 1 and 10, and therefore it is likely that there is no suppression of cue-responding in early withdrawal that has been previously discussed for incubation of craving [3] . The increased craving that was indicated by the number of nosepokes was found in the model with more cueinduced pairings, and where the alcohol drinking started intermittently with increasing concentrations in the automated cages. Interestingly, the time spent in the conditioned corner was increased only in the early withdrawal time point. The additive value of this new model is the implementation of social context and carrying out experiments without human handling that can cause experimental variations.
Since an incubation effect was not observed, this could be due to differences in the context as compered to the classical operant conditioning chamber used in self-administration studies. In our case, we have the water available in the conditioned corner, and although there is no cue association with it, this can be a confounding factor and an external extinction factor. Moreover, in procedure I on water only days the conditioned corner is available, and there is no cue related to either side of the corner, and this can also be the case when mice undergo extinction learning during the training. Additionally, more robust conditioned behaviors could be observed if there would be just one spout available in one corner during training that would be assigned either to water or alcohol. In future studies, it would be important to have in the conditioned corner only the alcohol and cued side available and to have the water only corners for non-conditioned.
In this study, we performed extinction tests on both withdrawal days 1 and 10 and did not have a group of mice where the extinction test was performed only on withdrawal day 10. Therefore, there is a possibility that on withdrawal day 10 the nosepokes were lower because mice had undergone the extinction test once already. In our unpublished data where we have used different experiment settings, but have performed extinction tests on withdrawal day 10 only, we have not observed differences on between and within-subject paradigms. Therefore, in this study this may not result in a large difference considering that the effects are rather small.
There are previous reports that have implemented automated cages to study alcohol drinking behavior. In these elegant studies, that include a social context and minimal human interference, similar alcohol consumption is reported [14, 21, [28] [29] [30] . However, these studies have not focused on cue-induced craving after withdrawal. Instead, previous research focuses on a variety of different addiction-like behaviors such as motivation, persistent and compulsive alcohol seeking, as well as on punishment and the intensity of relapse after alcohol withdrawal.
Conclusions
We established a new model to study cue-induced alcohol craving in the social context in female mice with minimal human interference. Furthermore, we conclude that there is likely a neuroadaptation process that mediates cue-induced drug alcohol craving during the late withdrawal time points. This conclusion is supported by findings that craving (number of nosepokes) in the late withdrawal do not correlate with the amount of consumed alcohol, or the nosepokes on the last training day but is observed only in the case with extended duration of conditioned pairings. Therefore, we conclude that we have established a new tool to study alcohol drinking behavior and craving in female mice.
